Radical formation during autooxidation of the polyene antibiotic amphotericin B was monitored by following the kinetics of decay of the ESR signal of a stable nitroxide. The kinetics were seen to depend both on antibiotic and on nitroxide concentration.
The autooxidation of polyene antibiotics has been reported1,2) and is thought to be a possible mechanism of inactivation3). The addition of antioxidants has been shown to delay the inactivation of amphotericin B4,5), but no chemical studies or evidence for the involvement of free radicals in the autooxidation process have been presented. RICKARDS et al.2) have studied the autooxidation of the polyene antibiotics filipin and lagosin. It was established that the major degradation products of those polyenes were the corresponding epoxides, which were proposed to originate from a process involving radical formation. However, a direct ESR examination of the reaction systems failed to yield spectra of radicals, possibly because of their low steady state concentration.
In the present work, radical formation during the autooxidation of amphotericin B (AB) was monitored using the two following approaches:
1) The reaction between paramagnetic species generated in the process and the stable nitroxide 2,2,6,6-tetramethyl-4-hydroxy-N-oxylpiperidine (TEMPOL), which led to the loss of TEMPOL ESR signal; and 2) the reaction between the former radicals and a spin trap, phenyl-t-butyl nitrone (PBN). Autooxidation was monitored by measurement of oxygen consumption. Radical formation and autooxidation occurred at the same time scale as antibiotic inactivation4,5).
Materials and Methods
ESR spectra were obtained with a Varian E-4 X-band spectrometer at room temp. Flat quartz Unless otherwise stated, AB solutions were freshly prepared in DMSO and diluted to a final 10% (v/v) DMSO concentration with 260 mOsm NaCI-phosphate buffer, pH 7.4. AB was also used as the clinically employed preparation, Fungizone, which consists of AB: deoxycholate, 1: 2, on a molar basis. In one experiment (Fig. 3b) , AB was directly dispersed in buffer.
Results

Kinetics of the Decay of TEMPOL ESR Signal
In the presence of AB, the amplitude of the TEMPOL ESR signal decreases with time. This was ascribed to a reaction between the nitroxide and free radicals formed as intermediates during the autooxidation of the antibiotic. That the process requires oxygen was verified by the lack of signal loss when the reaction was carried out under nitrogen.
The effect of time on the amplitude of the TEMPOL ESR signal was monitored both as a function of AB concentration ( Fig. 1 ) and of TEMPOL concentration (Fig. 2) .
The kinetics are complex, as expected for chain radical reactions, and do not seem to follow any simple rate equation. The rate of signal decay increases with AB concentration, but has an opposite behavior with respect to TEMPOL concentration. The reason for this will be analyzed in the discussion.
PBN Spin Adducts of Different AB Preparations
In the presence of AB, PBN gives rise to spin adducts whose nature and/or quantity depend on the method of sample preparation. The spectra yielded by Fungizone and AB dispersed in buffer are shown in Figs. 3a and 3b, respectively. Although present in smaller amount, the spectrum in Fig. 3b resembles very closely that in At least two sub-spectra are seen in Fig. 3a . Both display differentially broadenced lines, indicative of a slowly tumbling paramagnetic species. Due to the large linewidths and low intensity of one of the sub-spectra (see arrows in Fig. 3a) it was impossible to measure its hyperfine parameters. The spectral parameters for the narrower sub-spectrum are given in Table 1 . Depending on the PBN batch, variable amounts of paramagnetic degradation products of PBN could also be detected. Their spectra were seen to correspond to the benzoyl adduct of PBN6•°) and to t-butyl nitroxide8).
AB is highly insoluble in H2O; its solubility can be improved by first dissolving it in DMSO and then adding buffer. In such system, containing 10% DMSO (which was also used for the studies with TEMPOL), the spectra (Fig. 3c ) display hyperfine splittings (Table 1 ) very similar to those reported by SAPRIN and PIETTE for carbon radicals originating from DMSO (Table I and The difference could be due to the involvement of the nitroxide in secondary reactions. This reasoning is supported by the fact that in the presence of DMSO the spin adducts are derived from this molecule.
Discussion Fig. 1 shows that the rate of decay of the TEMPOL ESR signal increases with increasing antibiotic concentration, whereas Fig. 2 indicates that this rate seems to be faster for lower spin label concentrations. This result can be rationalized in the following manner; the rate determining step is the formation of radicals by AB. Since these are formed at a very low steady state concentration, it is easier to detect them when they react with low spin label concentrations. In this latter case, a larger fraction of total spin label will react, while a smaller fraction will react when the spin label concentration is high, leading to an apparently anomalous effect of TEMPOL concentration on the reaction rate.
The nature and/or quantity of PBN spin adducts depended on the method of sample preparation (Fig. 3) . The amount of radical formed by AB directly dispersed in buffer (Fig. 3b) is much smaller than either that formed by Fungizone (Fig. 3a) or by samples where the antibiotic was first dissolved in DMSO (Fig. 3c) . Aggregation properties of AB and the effect of aggregation on autooxidation will be discussed in a further publication (M. T. LAMP-FREUND, V. F. N. FERREIRA, A. FALJONI-ALARIO and S. SCHREIER, in preparation).
In the absence of DMSO (Figs. 3a and 3b) , the hyperfine parameters measured for the narrower sub-spectrum (Table 1) indicate that a carbon-centered radical was trapped10). The broader spectrum (for which hyperfine parameters could not be measured) is probably also due to a carbon-centered radical since the hydrogen hyperfine splitting seems to be similar to that of the narrower spectrum (Figs.  3a and 3b) . The two sub-spectra in Fig. 3a and the two sub-spectra in Fig . 3b show differentially broadened lines, indicative of slow tumbling. This is probably due to the location of the spin adducts in sites where mobility is restricted. These sites could be provided by the (different) aggregates present in the preparations.
The results also suggest that the radicals correspond to spin adducts of the whole AB molecule, since fragments of the antibiotic, due to their smaller size, and possibly to their increased water partitioning, should display narrow line spectra. We do not have at present an explanation for . the different linewidths of the two sub-spectra displayed by the spin adducts in Figs. 3a and 3b .
The findings that the spin adducts are carbon-centered radicals and the suggestion that the spin adducts were formed on the whole amphotericin B molecule are in agreement with the results of RICIcARDs et al.2) who have shown that the major products of autooxidation of the polyene antibiotics filipin and lagosin were the corresponding epoxides. The authors also showed that the epoxides were formed at the more substituted ends of the polyene systems, probably due to the high activation energy that would be required to remove the planarity of the all trans pentaene system in the large lactone ring. However, the authors failed to detect intermediary free radicals by ESR, probably because of their low steady state concentration.
The carbon radicals trapped by PBN could be intermediates in epoxide formation.
In the presence of 10 % DMSO, the spin adducts display the spectra shown in Fig. 3c . The hyperfine parameters of these spectra (Table 1) are very similar to those obtained by SAPRIN and PIETTE (Table 1, ref 9 ) during studies of lipid peroxidation by microsomes in the presence of DMSO. The authors ascribed the spectra to two carbon radicals derived from the solvent. Although this interpretation was questioned by JANZEN10), it seems to apply to our system. We employed DMSO at a much higher concentration (10%) than AB (5 mm) and the reaction of PBN with secondary radicals stemming from the former should be favored. Moreover, the narrow lines in Fig. 3c are indicative of fast tumbling, which would be expected for small radicals.
Measurements of oxygen consumption provided direct evidence for autooxidation and showed that this process occurs at the same time scale as radical formation.
Although autooxidation was studied in detail from the chemical point of view for the pentaenes filipin and lagosin, radical formation was not demonstrated2). Moreover, there have been no such studies for the heptaene amphotericin B. BEGGS and coworkers have shown, through the examination of microorganism viability that AB underwent inactivation with time3), and that addition of antioxidants delayed this process4, 5) Our results show that amphotericin B undergoes autooxidation and that free radicals are formed during this process. The time scale of these events, of the order of hours, is the same as that found for loss of drug activity, suggesting that autooxidation could be involved in the mechanism of antibiotic inactivation.
